Genes from the Mycobacteriurn tuberculosis purine biosynthetic pathway were identified using purine auxotrophic mutants of Mycobacferium smegmatis obtained by Tn67 1 transposon mutagenesis. T w o approaches were followed in parallel. The first consisted of the complementation of the M. srnegmatis purine auxotrophs using a M. tuberculosis H37Rv shuttle cosmid library. In the second approach, specific probes corresponding to the regions adjacent to the insertion sites of Tn611 in the M. smegmatis genome were used to screen a M-tuberculosis plasmid library by colony hybridization for inserts carrying homologous DNA fragments. Nucleotide sequence analysis of two M. tuberculosis genes isolated by these methods revealed high similarities with purC and purr genes from other bacterial and fungal sources. Transcriptional start sites were mapped for both genes, which revealed similar -10 boxes but with a higher GC content than the Escherichia coli cr70 consensus.
INTRODUCTION
A$u-obacteriam tabercaaluszs, the aetiological agent of tuberculosis, continues to be an important cause of human morbidity and mortality worldwide (Dolin e t al., 1994) .
Chemotherapy and prophylactic vaccination using ~Vjvubacterzkm boziis BCG (bacillus Calmette-Guirin) have been employed against mycobacterial infection (Collins, 1993 ). However, BCG was shown to have a protective effect against the adult form of tuberculosis varying from 0 ' 36 in trials in the south of India to 77% in the UK (Bloom & Murray, 1992) . The reasons for such differences in the protection BCG provides and the mechanisms whereby this vaccine induces protective immunity remain unclear.
A major area of mycobacterial research over the last 10 years has been directed towards the identification of major antigens involved in the interaction with the immune system, with the aim of developing 'subunit' vaccines that are effective against mycobacterial infections Rndersen, 1994 ; Averill e t d., 1993) . The
The GenBank accession numbers for the sequences reported in this paper are U34956 (purL) and U34957 (purC). recent development of molecular genetic methods for mycobacteria (Hatfull, 1993 ;  GuiIhot ef al,, 1994 ; Husson e t a/., 1990; Jacobs e t d., 1487) provides alternative approaches to the design of new antimycobacterial vaccines by the construction of mutant strains of M . tfiberctllusis that are rationally attenuated for virulence or maintenance in host cells. This approach has been widely applicd among bacterial pathogens. Studies with Salmonelh gphimzcriaam (Hoiseth & Stocker, 1981 ; Levine et al., 1987; Fields e t al., 1986; , Vibrio cholerae (Baselky e t d., 1979) , Brzdcelh melitensis (Drazek e t d., 1995) and Rhipbiaam (Newman et d., 1494) have demonstrated that strains carrying mutations in their purine or aromatic amino acid biosynthetic pathways show attenuated virulence; in the case of J'. pphzmzdrium, such strains induced a protective immunity in mice (O'Callaghan et al., 1988) , With the aim of constructing mutant strains of hf.
tahercdosi.c that are defective in purine biosynthesis, and evaluating their virulence and immunogenicity, we have characterized two purine biosynthetic loci ; parL and p w C . We report here the cloning and the characterization of these two par genes involved in the M . ttl6erctllosi.s de nuuo purine biosynthetic pathway.
Subcloning procedures. Restriction enzymes and T4 DNA ligase were purchased from Gibco BRL, Boehringer Mannheim and New England Biolabs. A11 enzymes were used in accordance with the manufacturer's recommendations. DNA fragments used in the cloning procedures were gel purified using the Geneclean I1 kit (BIO 101). Cosmids and plasmids were isolated by alkaline lysis (Sambrnok e t al., 1989) . Southern blot analysis and colony hybridization. DNA fragments for radiolabelling were separated on 0-7 YO agarose gels (Gibco BRL) in a Tris/borate/EDTA buffer system (Sambrook ct al., 1989) and isolated from the gel by using Geneclean I1 (BIO 101). Radiolabelling was carried out with a random primed labelling kit (Megaprime, Amersham) with 5 pCi (185 kBq) [a-32P]dCTP, and unincorporated label was removed by passing through a Nick Column (Pharmacia). Southern blotting (Southern, 1975) was carried aut in 0.4 M NaOH with nylon membranes (Hybond-N + , hmershamj ; prehybridization and hybridization were carried out as recommended bg the manufacturer using RHB buffer (Amersham). Washing at 65 "C was as follows: two washes with 2 x SSPE (SSPE is 150 mM NaC1, 8.8 mM NaH2P0,, 1 mM EDTA pH 7*4)/0*1 YO SDS, each for 15 min; one wash with 1 x SSPE/O*l% SDS for 10 min; two washes with 0.7 x SSPE/ 0.1 YO SDS, each for 15 min. Autoradiographs were prepared by exposure with X-ray film (Kodak X-Omat AR) at -80 "C, overnight.
Colony hybridization was carried out using nylon membrane discs (Hybond-N + 0.45 pm, Amnersham). E . coli colonies adsorbed on the membranes were lysed in 0.5 M NaOH/1*5 hi NaCl before being placed for 1 min in a microwave oven to fix the DNA. Hybridization and washngs were as described for the Southern blotting analysis. The plasmid library that was used to clone the pwL gene by colony hybridization consisted of Psi1 restriction fragments sized between 2 and 7 kb after complete digestion of M. tcdberczrlosis genomic DNA, which were ligated into pBluescript KS-(Stratagene). This library therefore partially represented the M. fz~bercdusis genome.
Oligonucleotide and PCR amplifications. PCR amplifications were carried out in a DNA thermal Cycler (Perkin Elmer), using T q polymerase (Cetus) according to the manufacturer's recommendations. Primers used for amplifying the regions adjacent to the insertion sites o€ the transposon Tndl 1 in the M , s-mpgmatis naxM auxotroph were derived from the ISd?OU insertion sequence and were A (5'-GCATTGGtiCCCTCGGCGCTG- ,, 1990 ) was used to search protein databases for similarity. The sequencing strategy consisted of initially using the Ml3 universal primers followed by designing primers using the newly acquired sequences. RNA isolation and primer extension analysis. Total RNA w a s isolated using the extraction procedure described by Bashyam & Tyagi (1994) . The M. tfiberczdosis ptlp.C transcriptional start site was mapped by primer extension using the JCG primer (5'-GGTGCTCGTCATCGAChCGGThGATCTCTCGC-3'), complementary to nucleotides 147-1 76. The parL transcriptional start site was mapped using the JL3 primer (5'-~CGGGCTCACCr'lTACGGTTGTGGTTGGGC~C GT-GTGG-3'), complementary to nucleotides 200-232. The experimental procedure used was as described by Bcrthet et nl. (1995) . 8-Galactosidase gene fusion and assays. A pwC BctmHI/KpnI PCR amplification product corresponding to nucleotides 1-690 was ligated into the BamHI/KpnI sites of pJEM12, a shuttle plasmid containing the truncated ldrZ gene devoid of the promoter, ribosome-binding site and initiation codon. The pJEM12C vector was transformed into ild. smcgrnatis mc'l55 and cells were grown in minimal medium (M63), MO.3 plus adenine (20 pg rn1-l) and guanine (20 pg rn1-l) c)r 7H9 + ADC I-Tween ('Ti%', 0*05'Y0). p-Galactosidase activity was assayed in sonicated extracts of 12.1. smegmntis, after 24 h growth at 37 'C, by the method of Pardee cf a/. (1959) .
Experiments were carried out in triplicate. Units of pgalactosidase activity were calculated by the following formula : 200 x A,,, (mg protein)-' min-l. Soluble protein in bacterial extracts was measured by the Bio-Rad assay.
RESULTS

Isolation of the purC gene
Ail. smegmafis mc2155 mutants deficient in purine biosynthesis were isolated from a mutant library by transposon mutagenesis using Tn6II (Guilhot e t a/., 1994) . Two pur mutants (designated rrmC and a z m M ) were plated onto minimal agar plates (h163 medium) to check the stability of the mutations. In both cases reversion frequencies were very low : 3 x 1 OP7 per cell per generation for a~x C and 1 x per cell per generation for auxA1. Since both mutants grew a n A163 plus adenine and guanine, as well as on M63 plus hypoxanthine, we hypothesized that the am-C and azixh! mutants carry mutations in the common part of the de novo purine biosynthetic pathway. A genomic library, constructed by inserting Saza3A partially digested &I. t14berci~lu~is H37Rv D N A into the unique BamHI site of the mycobacterial cosmid shuttle vector pYUBl8 (Jacobs e t al., l991) , was used to transform the M. smegmrcfzs r2nxC auxotroph by electro- poration, After 4 h growth in 7H9 + hDC + 0.05 '/o TLV medium at 37 'C, transformants were plated onto minimal medium plates and onto rich medium plates (L medium) containing butyrosin (10 pg rnl-') to select for the prcsence of a cosmid. After 6 d incubation at 37 O C , colonies were detected on both media. T h e number of colonies on the 3463 plates was approximately 0.6 of that on the rich medium. To check whether the colonies obtained on minimal media corresponded to complemented mutants and not to rcvertants, colonies were plated onto L medium containing lividom ycin (20 pg ml-') and butyrosin (10 pg rn1-l). These assays confirmed the presence of the Tn617 transposon, which harbours a gene confering resistance to lividomycin, and of a complementing cosmid, in 97*/6 of the colonies grown on minimal medium. Cosmid DNA from ten prototrophic transformants was reintroduced into li. roli XLl blue by electroporation for further analyses. PstI digestion of the ten cosmids revealed that the cloncs contained three different types of cosmid inserts (designated C,, C7 and C,) sharing common bands, thus suggesting that the clones all overlapped (Fig. 1 ). Electroduction of each of the three types of cosmids into the UZLYC mutant in each case restored a Purf phenotype, confirming the presence on the cosmid inserts of a gene complementing the deficient function of the auxotrophic mutant .
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, < -----10. To isolate the complementing gene, we used a subcloning strategy involving deletion of DNA by restriction digestion and subcloning of common restriction fragments in the shuttle plasmid pLGG3 (Guilhot ei d,, 1992) . Each subclone was assayed fur complementation in the m x C strain on minimal medium. A 2.5 kb BnmHT fragment, carried by pM J 1, retained the complementation activity. This fragment was sequenced. It contained one complete ORF of 893 bp starting with a potential ATG initiation codon at position 96 (Fig. 2) . The G + C content of the DNA was 64 mol O X , , which is similar to the estimatcs for M , tabcrcdoszs D N A (Clark- carboxylic acid to 5'-phc1sphorybosyl-4-(N-succinocarboxamide)-5-aminoimidazok in the purine biosynthetic pathway.
+1.
As genes involved in the de now purine biosgnthetic pathway from other organisms such as B. .wbtiliS can be organized in operons (Ebbole & Zalkin, 19871, DNA sequencing was also undertaken to characterize the neighbouring genes. However, analysis of 0.6 kb DNA located upstream and of 1 kb DNA located downstream of the p4r-C ORF showed no homology with an37 other purine biosynthetic gene.
Isolation of the purL gene
In a second approach to isolate M. tuzlben-dosis purine biosynthetic genes, we amplified by PCR the regions adjacent to the insertion sites of Tndl I in the M. smegmatis rtzixAfmutant. We then used the amplificd region as a "Pradiolabelled probe to screen a M . tabercdusis H37Rv plasmid library, by colony hybridization, for inserts containing the probe. The probe was constructed as follows. The aaxM mutant genomic DNA was digested with PstT, and the restriction fragments were circularized by ligation. As the insertion sequence IS6100 from TnGl f contains an internal Psi1 site, PstI digestion followed by religation gives two IS-containing circular fragments, one 
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2 2 2 1 CTGTTC~CCGAGTCGGCGGGTCGGGTGCTGGTCGCGGTGCCACGC~CCGAGGAGAGCCGE Fig-4. Nucleotide and derived amino acid Hybridization of the PstI 2-3 kb probe on different restriction digestions of the C, cosmid enabled the isolation of two Not1 restriction fragments of 5.5 kb and 4 5 kb (Fig, 3) , one of which (the 5.5 kb fragment), once subcloned into pOMK shuttle plasmid (resultant plasmid : pMJ2), was able to complement the mxM mutant. With the BamHI digestion of the C, cosmid, the probe hybridized to a fragment distinct from that carrying the parC gene, suggesting that we had cloned two different The complementing gene carried by the 5.5 kb -Not1 fragment was sequenced. Sequence analysis of the insert revealed an ORF starting with a potential GTG initiation codon at position 172, and encoding a 755-amino-acid polypeptide (Fig. 4) . This shares extensive sequence similarity with previously charactcrized bacterial phosphoribos ylformylglycinamidine synthases. The M.
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i%berczllosis sequence shares 90 YO identity at the amino acid level and 82% identity at the nucleotide level with the putative purL gene from M. leprae (located on cosmid 82266 deposited in GenBank as part of the &I, lepme genome sequencing project; GenBank accession number UlSlSZ>. Thc amino acid sequence shares 43% identity (65 oio including conserved residues) with the corresponding enzyme in B. szdbtilis (Ebbole & Zalkin, 1987) and 28 "!o identity (52 7' 0 including conserved residues) with the k. coli pwL gene product (Schendel e t nl., 1989) .
Homolog) with the corresponding enzyme in yeast was lower than for the purC gene (25 YO identity with the J.
cerevisiae enzyme) (unpublished ; GenBank accession number U14566). Interestingly, the very high homology at the nuclevtide level between the hl. izrberctiktisis and M. l e p -m purL genes is much lower upstream of the GTG potential initiation codon (data not shown). Here again, no other gene involved in the purine biosynthetic pathway was identified within the 1 kb regions flanking thepnrL gene.
Characterization of the M. tuberculosis porC and purl transcriptional start sites
The M , tzrbercnlusis pnrC and pwL transcriptional start sites were investigated by primer extension analysis using RNA extracted from M. tubercdosis UI from Ma smegmatis mc'155 carrying pMJl or phIJ2, grown in 7H9 + ADC + T W medium. Three very close trans-criptional start sites were identified for the parC gene when RNA from M . smegmatix carrying pMJ1 was used ( Fig. 5a ). If the same primer extension analysis was performed using M. t&rcdosis RNA, only the start corresponding to the A from the ATG start codon was identified (data not shown). This result is probably linked to differences between the M. tzkbercfilosis and the M.
smegmatis transcriptional machinery, which might have different affinities for the same -10 and -35 boxes. The pwL transcriptional start site was determined using RNA from A L smegmatir carrying pM J2. A dominant start point located at nucleotide 131 was identified (Fig. 5b) . The predicted p w C and purL -10 boxes, TAGGCT and TAGACT respectively, share some sequence similarities with the E . coli [a?') and 8. sz4bkili.s (g") -10 consensus U T A A T . The purC and purL -35 boxes, TACCAG and CACGCG respectively, are more atypical in this respect. The -10 boxes of the two genes are very similar. This is not the case for the -35 boxes. Interestingly, the Ad. tiiberczllosirparL -10 and -35 motifs are similar to sequences found in the upstream region of Ad. lepraepnrL gene although nu other sequence similarities between the twopurL genes are found in this region. This suggests a similar promoter region in both species.
Although no inverted repeat motifs were found in the pwL promoter region, two repeats were found around thepurC promoter (Fig. 2 ). YVithin these regions, residues 43-58 and 71-85 have the potential to form loop structures with a stem containing in both cases exact matches of 5 bp. Such stem-and-loop structures could be elements of a transcriptional regulation mechanism.
Regulation of purC expression
To investigate whether the expression of this purine biospnthetic gene could be regulated by the presence or absence of purine bases in the culture medium we constructed a fusion between purC and the E. colz' lacZ gene. A 690 bppzdrC fragment from the BamH1 site of the 2.5 kb BamHI insert to nucleotide 170 was cloned into the pJEM12 vector (Timm e t al., 1994a) and the construction, designated p JEM12C, was electroporated into M. smegnratir mc21 55 cells. M . smegmatis transformants were grown for 24 h at 37 "C in rich medium (7H9 + ADC + TWT), minimal medium (h163) or minimal medium complemented with adenine and guanine (20 pg ml-' each). p-Galactosidase activity was then assayed in sonicated extracts of hL smegmatis. p-Galactosidase assays were carried out simultaneously in Af, smegmatis mc21 55 having received pJEM22 (negative control) or pJEM17, which contains the strong M .
fort.titum promoter for P-lactamase : pblaF* (positive control) (Timm e t al., 1994b) . The results are shown in Table 2 . The pwC promoter was shown to have a strong activity as compared to pblaF*, in all three media. No differences in P-galactosidase activity were observed between the bacteria grown in minimal medium and bacteria grown in minimal medium complemented with purine bases.
DISCUSSION
Two genes from the M . tivbercdoszs purine biosynthetic pathway have been isolated and characterized using two different approaches. In the first approach, a M . smegmntir purine auxotroph was complemented using a M . tzlber-cdosiJ H37Rv shuttle cosmid library; in the second approach, probes corresponding to Tndl7 insertion sites in M. smegmntis were used to screen a M , tuberczdlosis plasmid library.
The use of shuttle cosmids to complement a mutant offers two major advantages because of the large size of DNA inserts (3040 kb) they contain. First, relatively few transformants need to be screened (of the order of 300) for a particular phenotype. Secondly, the inserts are large enough to carry an entire operon; this may be of particular interest where studying biosynthetic pathways for which genes are sometimes organized into an operon, as is the case for the B. scibtzilks purine biosynthetic pathway (Ebbole & Zalkin, 1987) . Performing complementation experiments between two mycobacterial species avoids the problem of expression signal recognition that authors have often encountered when expressing mycobacterial genes in E. coli (Gupta e t al., 1993) . Furthermore? this method enables the study of species-specific processes such as cell wall synthesis, for which there are no corresponding mutants in E. coli.
The two genes we isolated do not seem to be organized into a cluster. Furthermore, a shotgun experiment with the C, cosmid insert did not reveal the presence of other genes involved in purine nucleotide synthesis (data not shown). Probably the genetic organization of the purine biosynthetic pathway in itl. tivbertdosis more closely resembles that in J. ophim~ritsm or E. coli. ptlrC and pnrL are nut linked on the chromosome in the latter bacteria, but are concentrated in certain chromosomal regions, with pwC being located 2 min from purL (Bachmann, 1987; Sanderson & Hurley, 1987) .
Differences concerning the transcriptional start sites of M. tuberculosispurL and purC genes were observed. The pwC transcriptional start site is located at nucleotide 96 (A from the ATG potential start codon) and p~r L + 1 is located 38 bp upstream of the GTG potential start codon. However, the -10 boxes of purC (TAGGCT) and pwL (TAGACT) are very similar and the purL -10 box is identical to the putative r m 16s -10 box identified by Ji e t a/. (1994) . In contrast the purC and purL putative -35 boxes show no homology between each other nor to previously characterized mycobacterial -35 boxes.
N o regulation of the purC gene expression could be demonstrated when the P N~C promoter region was fused to the E. cdilacZ gene on the shuttle plasmid pJEM12 and expressed in M. smegmatis, in the presence or absence of purine bases. Possibly pwrC is deregulated when carried on a plasmid, or perhaps the purC promoter region segment fused to P-galactosidase is too short to contain the regulatory region in its entirety. This could explain its very high activity compared to the strong promoter of the 1111. Jortuittfm P-lactamase gene. Regulatory mechanisms might also be different between h.1. tubenuhis H37Rv and M.. smegmatis. Or, if the mechanisms are conserved between the two mycobacterial species, they might be insufficient in A$. smegmutis to regulate the expression of p u L on a multicopy plasmid such as pJEM12 (a pAL5000 derivative) (Martin e t d., 1990).
In E. coili, the purine biosynthetic genes are scattered throughout the chromosome. The expression of each gene of the pathway is repressed at the transcription initiation level by a common repressor which binds to a 16 bp palindromic sequence (5'-aCGCAAACGTTTtC-nT-3', where the lower-case letters signify less-conserved positions) present in the promoter region of each gene (Rolfes & Zalkin, 1990) . In B. sdtilis, the genes are organized as an operon. The expression of purine biosynthetic genes is regulated independently at the transcription initiation level by adenine and by a termination/anti-termination system of transcription by guanine. Adenine induces the fixation of a regulatory protein in the -35 region, thus blocking the access of the -35 box to RNA polymerase (Ebbole & Zalkin, 1989b genes did not reveal any conserved motif, except for the pztrL gene promoter region, which seems to be conserved between these species, suggesting a common regulatory mechanism. These data raise the question of how purine nucleotide synthesis is regulated in M. tnberculoszs.
However, two sets of inverted repeats located between the -10 and -35 boxes and upstream of the -35 box of purC were detected. Although absent from the promoter region ofp.czkrIA, such structures could be the targets for a regulatory mechanism which remains to be determined.
This work represents the first steps towards the understanding of the purine biosynthetic pathways in M , tztberczthis. Its importance for the maintenance of M .
tnbercnlosis in macrophages will be investigated in further genetic experiments using allelic exchange methods recently developed for M . tubercdoszs complex strains (Reyrat e t dl., 1995) .
